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Abstract

7 -

This investigétion consisted of several tests of spe-
cially fabricated nickel-cadmium batteries having circular
disk type electrodes. These batteries were evaluated as
filter elements between a constant current power supply and
a five hertz pulsed load demanding approximately twice the
power supply current during the load on portion of the
cycle. Short tests lasting 104 cycles were conducted at up
to a 21 C rate and an equivalent energy density of over 440
Joules per pound. In addition, two batteries were subijected
to 107 charge/discharge cycles, one at a 6.5 C rate and the
other at a 13 C rate. Assuming an electrode to battery
weight ratio of 0.5, these tests represent an energy censity
of about 7 and 14 Joules per pound respectively. Energy
density, efficiency, capacitance, average voltage, and
available capacity were tracked during these tests, After
107 cycles, capacity degradation was a negligible for one
battery and about 20% for the other., Cadmium electrode
failure may be the factor limiting lifetime at extremely low
depth of discharge cycling. The output was examined and a

simple equivalent circuit was proposed.
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I - Introduction

Background

Satellite power systems have grown steadily since
Sputnik first orbited the earth with a modest battery
powered electrical system. Even though this system
functioned for only three weeks, it accounted for 38% of the
satellite's weight [16]. N.J. Stevens of the Space Communi-~
cations Group, Hughes Aircraft Company, recently pointed out
that "There have been several proposals for future space
missions that will require power generation capabilities in
excess of 160 KW's" [15]. In order to meet these expanding
requirements larger and larger power conditioning systems

will have to be built.

Unless a significant increase in the energy density
(joules per pound) of power sources can be obtained, this
trend means a continual increase in power supply weight. 1In
1982, A.S. Gilmour of the State University of New York
reported that [10]:

The launch to low earth orbit (LEO) of systems as
large or larger than 50 kW is now possible with the
space shuttle. The transfer of these high power
systems to higher orbits is not presently possible
because of weight limitations. To make transfer to
higher orbits possible, system weight must be
reduced.

Capacitive filters are currently used to provide high

load current pulses to reduce the peak current demanded of

the power source. In addition, capacitors rapidly store

....................................................
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A4

P LN S




P —

energy supplied from the source during the load off portion
of the duty cycle. This reduction in required delivery of
high peak current reduces the size of a given power source
which is dependent upon peak current and voltage. However,

the weight of the filter capacitors cannot be neglected.

According to W.S. Bishop of the Air Force Wright Aero-
nautical Laboratories, Wright Patterson AFB, "Capacitors are
expected to deliver about 1 joule per pound for these appli-
cations™ [4]. An initial test conducted By W.S. Bishop and
D.C. Stumpff demonstrated the possibility of a 1¢0-fold in-
crease in energy density by .eplacing the capacitive filter
with nickel-cadmium batteries. 1In thei~ report, they point
out that "this (increase in) energy density would result in
a weight savings of up to 45060 pounds for one conceptual
high power satellite electrical system™ [5]. The nickel-
cadmium batteries would deliver more than 106 joules per

pound - a significant improvement over present capabilities.

However, their test did not optimize battery usage;
rather it only served to demonstrate that batteries appear
to be a competitive alternate to capacitors. Although their
test demonstrated 187 cycles of operation at 5 hertz, one
proposal, for a 10 year life span, would reguire over

109 cycles, more than 100 times the value achieved.

There are many unknowns factors in battery operation

which need to be understood, so that batteries may be opti-
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mized, before the well known and reliable capacitors now in
use can be replaced by them. For example, battery shelf
life, cycle life, temperature dependence, and the relation-
ship of physical geometry and chemical properties to elec-
trical performance are all areas yet to be adequately inves-
tigated with the intent to make batteries capable of out

performing capacitors as power supply filters.

Purpose

This thesis investigated the use of nickel-cadmium
batteries as filter elements between a continuous DC power
source and a pulsed load. The objective was to verify a
possible electrode characteristic that could optimize a
battery for this task, to accurately assess the battery's
electrical operation during cycling, and to estimate

expected battery life by conducting a 107 cycle life test.

Scope

This investigation consisted of several tests of fabri-
cated nickel-cadmium cells having circular disk type elec-
trodes. These tests addressed three areas.

1, Will the use of circular electrodes increase the
available energy density when compared to the standard
aircraft batteries, as tested by Bishop and Stumpff
[5])7?

2. What energy density could be achieved if a cycle life-

time of 10° pulses at 5 hertz is specified?
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3. How does the battery influence voltage and current

waveforms to the load?

Approach

The procedure started with the construction of several
four cell pseudo bi-polar nickel-cadmium batteries using
circular electrodes. The first step was to find a way to
minimize the electrolyte leakage through the nickel-plexi-
glas joint in the intercell separator. Next, to insure
uniformity between cells and batteries during testing, all
electrodes were sintered and electrochemically loaded with
nickel oxide either by Eagle Picher Industries, Colorado
Springs, Colorado, or by using the D.F. Pickett process at
the Air Force Wright Aeronautical Laboratories/Aero Propul-
sion Laboratory (AFWAL/APL), Wright Patterson AFB, Ohio
[14]); or loaded with cadmium using the Fritts, et. al.
impregnation technique at AFWAL/APL [8]. The weight of each
cell's electrodes was measured for later evaluation of the

energy density.

Next, the cells were assembled and filled with electro-
lyte solution, completing the battery construction. Cadmium
wire probes (reference electrodes) were also inserted in

each cell to monitor battery performance.

The initial tests paralleled those of Bishop and
Stumpff. Energy densities achieved in this test (circular

electrodes) were compared to Bishop and Stumpff's results

PRSRP T R W P




A

(rectangular electrodes), providing a comparison of elec-

trode types. The second series of evaluations attempted to
establish a relationship between expected service life (in
number of charge/discharge cycles) versus depth of discharge

relationship, using a shortened life cycle test.

The third area of interest was to evaluate the battery
influence on the voltage and current supplied to a pulsed
load. This was accomplished both during and after the

167 cycle test.

Sequence of Presentation

Chapter 2 discusses the theory of a battery's operation
and the characteristics that make it useful as a filter.
Chapter 3 explains bi-polar battery theory and the construc-
tion of the test batteries. Chapter 4 describes the experi-
mental procedures used. Chapters 5 and 6 discuss the re-
sults and conclusions of the testing. Appendices A and B
contain detailed battery drawings, discussion of construc-
tion problems, and description of the electrode loading
process. Appendices C and D contain a list of test equip-

ment, calibration data, and test data.
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II - Battery Theory

Background -

Many types of batteries and fuel cells are available
today, some of which have shown the possibility of better
lifetime, energy density, or temperature operating limits
than the nickel-cadmium battery. This paper has focused on
the nickel-cadmium battery because of its widespread use,
particularly in space applications, and its overall perfor-
mance capability. Table 2-1 shows a comparison of various

types of rechargeable batteries currently available for use.

TRBLE 2~1 (3)
RIRCRAFT BATTERY OPTIONS

BATTERY 'WPE —>  NICKEL LERD NICKEL SILVER

ceracTeRisTics  CAOMIUM  ACID 2N ZINC
WEIGHT Heavy Heaviest Light Lightest
VOLUME Lorge Large Smal) Seallest -
COosT Moderate Lovest Moderete Highest

40 low

POVWER :
DENSITY High Lovest High Highest
CALENDAR
LIFE Good Good Good Poor
CYCLE
LIFE Good Fair Falr Poor
LOV TEMP,
OPERATION Best Fair Falr Poorest

.................................................................
..............................................................
.....................
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Nickel-Cadmium Batteries

Additionally, extensive testing of nickel-cadmium bat-

?i teries has been conducted both by and for NASA (i.e. Life
[ Cycle Testing conducted by the Naval Weapons Support Center
k (NWSC CRANE) in Crane, Indiana for the past 20 years).
'I These tests have, however, centered on classical storage

battery applications characterized by relatively long (1/2 -~

2 hour) discharge and (1 - 23 hour) charge cycles at deep
depths of discharge (DOD). Under these circumstances the
dominating processes are the electrochemical reactions at i
the electrodes as opposed to the double layer capacitance

effect which will be discussed later.

Chemical Reactions

ﬁ' Figure 2-1 shows a simple single cell nickel-cadmium -
battery. The three elements are the nickel oxi-hydroxide
(NiO(OH)) coated positive electrode, the cadmium (Cd) coated
negative electrode, and the aqueous potassium hydroxide f'*

{KOH) electrolyte.

NIO(OH) cd
+ -
d rxon |
) a g ~
{.’ SIMPLE NICKEL CROMIUN BATTERY
FIGURE 2-1
- 7
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The chemical reaction at the positive electrode is
between the active material, NiO(OH), and the KOH electro-
lyte., At the negative electrode, the reaction is between

the active material, Cd, and the the electrolyte.

During discharge, the NiO(OH) at the positive electrode
accepts electrons from the external circuit, decaying to the
lower state of Ni(OH),; and releasing an OH™ ion. The elec-
trolyte passes this ion to the negative electrode, where it
combines with the cadmium forming cadmium hydroxide Cd(OH),
and emitting two electrons to the external circuit. Milner
and Thomas [l2] express the chemical reaction during dis-

charge as:

2[e” + 2H,0 + NiO(OH) + Ni(OH),°Hp0 + OH™) (1)
and,

Cd + 20H™ + CA(OH), + 2e” (2)

During the recharge of the battery the reverse is true. The
individual electrode reactions can be combined into one
equation:
Charge -
Cd + 2H,0 + 2NiO(OH) = 2Ni(OH), + CA(OH), (3)
« Discharge
to describe the net overall chemical reaction occurring in

the battery.

.....................................
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Double Layer Capacitance Effect

The previous equations (1-3) describe the classical

electrochemical process occurring in the battery during both

v

charging and discharging. However, these are only the long- .fﬁj

er term (seconds and greater) effects of the battery opera-

Ak

tion. When used for filtering the voltage to a pulsed load,

an instantaneous current change with a zero change in volt-

Adend e damis

ﬁ; age is desired. The leading edge of the current pulse, and
voltage output from the nickel~cadmium battery is shaped by

its short term or transient characteristics. These charac-

teristics are dominated by the battery's double layer capac-

itance and internal resistance. ]

A typical capacitor is composed of two metal, or con-

ducting plates separated by a dielectric material. The f““

>
.!'

equation:

charge (Q) = capacitance (C) x voltage (V) (4)

describes its operation. As current flows into a capacitor,
charging it, a voltage can be measured between the two
plates. Chemically, concentration of positive charges

(depletion of ions) will form on c¢uae plate, while on the

Py

other plate a concentration of negative charges (ions) will
form. These two charged areas are separated by the thick-

ness of the dielectric material.

B e e g

In much the same way, when a nickel-cadmium battery is

charged, the electrolyte forms several layers of charged ' 4

..............................................
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ions near each electrode. Each layer of charged ions is

i separated by water molecules which act as the dielectric }
medium between the layers. The cell voltage, across each
electrode-electrolyte junction, spans these charged ion

. layers. These layers are known as the electrical double
layers, since the ion interaction takes place predominately

in the two layers closest to the electrode.

This "double layer™ charge and voltage characteristic,
called double layer capacitance, is an important factor in

the initial rate of change of both the voltage and current

o

: when the battery is switched between charging and discharg-

Ny ing operations. It is particularly significant for battery

%_ . applications at the higher cyclic rate of 5 Hertz. A common N
a2 ®

nickel-cadmium battery equivalent circuit is shown in Figure
2-2. E is an ideal voltage source, Rl is the effective

delayed internal resistance, R2 is the effective instanta-

neous internal resistance, and C is the effective double

layer capacitance of the electrodes.

P Although the exact cause and values of these capaci-
tances are not precisely known, a typical range is from 50
to 22GGuF/cm2. Amile, et. al. [1]) reported that the double

‘ layer capacitance of the nickel electrode was approximately

ZlﬂﬂuF/cm2 and that of the cadmium electrode was approxi-

mately SGuF/cmz.
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NICKEL CROMIUM BATTERY EQUIVALENT CIRCUIT 1
FIGURE 2-2 ]
® The current through a capacitor is proportional to both )
the capacitance and rate of change of voltage by:
- .. i = C(dv/dt) (5)
L o -
- This indicates that a larger capacitor will have a lower
5 rate of voltage drop for a given current flow. Similarly a
'r
| larger double layer capacitance in a battery should provide
an increase in available current during the initial rise in ]
"
current to a pulsed load while also limiting the voltage B
» drop.
1
g The double layer capacitances and faradaic discharge ]
v all have different time responses. The double layer capaci-
D

tances with the delayed internal resistance form an effec-

tive decay time constant in milliseconds., The faradaic

et g
Calal . o,

decay is over minutes to hours. It is reasonable therefore,

to consider the nickel-cadmium battery's response to a
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[ 3]

pulsed load in three phases, although all three occur simul-

taneously.

First, when the load is applied, the initial drop in
voltage will be from the negative electrode (cadmium) double
layer capacitance discharging. Next the positive electrode
{nickel) double layer capacitance will discharge. These
first two steps comprise the short term or transient charac-
teristic of the battery. The final step is the classical
electrochemical, or faradaic, discharge through the

electrolyte.

If the double layer capacitance, internal battery re-
sistance, and the classical slope of the voltage decrease/
increase versus capacity can be determined, then it may be
possible to derive an equivalent circuit to predict the
effect a battery will have when inserted as a filter element

into a circuit.

The effective double layer capacitance of the battery
can be calculated as follows, assuming that the capacitance
of the battery remains constant. Pick a value of i and the
corresponding dv/dt from the voltage and current waveforms

of the battery input/output. By rearranging equation (5)

C = i/(dv/dt). (6)
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Example:

e
L}

13 amperes

i
A

dv/dt = 9 volts/second -
from equation (6)

C = [13 amperes/9 volts/second]

1.4 farads

There are two ways of determining the internal resis- }
tance. One is to measure the impedance with an a-c ohm-
meter. The other is to assume that the instantaneous volt-
age change when the battery is switched from charging to :
discharging is strictly an IR drop. The resistance then, is
simply the change in voltage divided by the change in cur-
rent (dv/di). The voltage versus capacity can be plotted by _ "i

recording the battery voltage while charging and discharging -

[ T
L4

the battery with a constant current.

Battery Testing

Most, if not all, nickel-cadmium battery use has in-
volved deep discharge followed by a slow recharge. Some
commercial applications, such as electric shavers, calcula-
tors, and flashlights, discharge the battery to a depth of -
56 to 80 percent of capacity in 1 to 3 hours and then -
recharge in 10 to 12 hours, or "overnight"™ (9] . Currently,
satellite operations use batteries to supply power during 1
the "dark period™ of an orbit. Typically a 1/2 to 2 hour

discharge followed by a 1 to 23 hour recharge [13].

13 o

..................




As a result, most testing of batteries has focused on

f‘ DOD's from 15 to 80 percent [13] and recharge rates from @.1
to 1 C (C is defined as the rated value of current that will

discharge a battery in one hour). Results of tests at these
F deep DOD's have yielded lifetimes of 500 to 30,0800 cycles
{ for commercial applications [9], and NASA/USAF lifetimes of
F 1000 to 50,0008 cycles [13] before the battery capacity

3

i; decreases to 50% of its initial rated capacity.
!

L

The data of actual long term testing of many different
types of batteries at NWSC CRANE [13] indicates that cycle
lifetime is inversely related to DOD. That is, at a lower
DOD, a battery will last longer (more cycles) than it does
at a higher DOD. The use of batteries as filter elements in
spacecraft power systems may need 162 cycles or more of

operation, if run at a 5 hertz rate for a 16 year period.

LA A

To achieve this cycle lifetime, a reduced DOD, possibly as

low as one-tenth of one percent, may be required.

Energy Density

J The energy density of a battery is directly related to
its operational DOD. For example, if a 1.2 volt, 22 ampere/

hour battery is operated at a DOD of 9.01% and a 5 hertz

AP I

e rate, it delivers approximately 16 joules of energy per
cycle. If the battery weighs 10 pounds, then its energy
density would be 1 Joule per pound., However, if the DOD

° could be increased to @.1%, the same battery, would be

14
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delivering 100 Joules of energy, with a new énergy density

of 10 Joules per poundl

Bishop and Stumpff [5] found that approximately a 60%
capacity degradation occurred in a 197 cycle test at 0.013%
DOD. This DOD eguated to an energy density of approximately
five Joules per pound. They also demonstrated an energy
density of 11.4 Joules per pound, although only for a short

time due to conductor and battery heating.

During their test, battery usage was not optimized, nor
were elaborate precautions taken to eliminate test equipment
induced inductance and capacitance. The test served only to
demonstrate the feasability of nickel-cadmium batteries

replacing capacitors as low frequency filter elements.

Since energy density and DOD are directly related, an
increase in DOD corresponds to a increase in energy density.
Such an increase is, however, achieved at a cost of reduced
lifetime, since many failure mechanisms are also accelerated
by increases in DOD. Heating, mechanical stress, electrode
material migration, and separator failure are all examples

of common nickel-cadmium battery failure mechanisms.

Heating, in the form of 12R losses due to internal
resistances, may be influenced directly by choices of mate-
rial and battery geometry. Heating of the electrode battery
posts was identified as a major problem area during the

tests by Bishop and Stumpff.

15
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Dr. D.H., Fritts of the Air Force Wright Aeronautical
Laboratories has hypothesized that one of the limiting
aspects of Bishop and Stumpff's test was the uneven current
flow through the electrodes of the standard aircraft bat-
teries used during their test (7). Further, he has sug-
gested that the use of circular electrodes might reduce this
problem by increasing the maximum available current flow,

and thereby increasing the energy density achievable.

Assuming that internal heat generation is a primary
cause of battery failure, reducing this stress should allow
an increased operating life [5,7,13]. Alternatively, if the
internal resistance is reduced, the current could be in-
creased, while still operating the battery at the same
stress level. A higher current would mean a higher DOD and

therefore a higher energy density.

The battery described in this paper has attempted to
reduce the internal resistance and thereby the I2R 1loss, by
using circular electrodes and increasing the cross sectional
area, while reducing the length, of the internal conductor.
In short, using a pseudo bi-polar battery. This battery

design is described in Chapter 3 and Appendices A and B,
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III - Experimental Battery

Background

In order for batteries to successfully replace capaci-

tive filter elements in large space electrical power sys-

tems, they must posses two characteristics. First, the
battery system must be significantly lighter than the con-
k< ventional system and still be capable of providing the

' desired power conditioning. Secondly, the system must sur-
vive for the duration of the assigned miSsion, 10 years in

one proposed scenario.

These two qualities are often diametrically opposed in

FRal un em e e o peom o
i

a battery. Steps to improve one may jeopardize the other.

For example, if the DOD is increased to reduce the reqrairel
battery weight, the cycle life of the battery will be re-
duced. This relationship can be seen in the classical log-

cycle-life versus DOD plot, reproduced in Figure 3-1 from a

Y S
T
R
PR
R NP

NASA study of batteries for space applications [2].

Extrapolation to low DOD's appears to limit the cycle
life to less than 1@° cycles. However, the study by Bishop
and Stumpff demonstrated 107 cycles of operation at a DOD of
0.013%. This is not an unreasonable result, since the
classical plot is a straight line approximation based on
data taken at moderate to high DOD's. For example, exten-
sive life cycle testing of batteries at NWSC CRANE has been

conducted for more than 20 years [13]. These tests are

17
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FIGURE 3-1 (2]

primarily at DOD's greater than 15% and are conducted on a

real time basis, often lasting several years.

Accelerated life cycle testing is a questionable propo-
sition at best. Some approaches, such as Goddard Space
Flight Center's Accelerated Test Plan for Nickel Cadmium
Batteries have been proposed [ll]). This proposal would
require extensive testing and diagnosis of many cells, far
beyond the scope of this thesis. Further, Paul Bauer {2]
asserts that accelerated testing is very dependent on prior
understanding of a specific cell's failure mechanisms and

their relationship to external factors. In the absence of

18
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such detailed knowledge, one may accelerate a failure mode

& that would not be a factor during normal operations,
(

Actual life cycle test data at extremely low DOD's is
almost non existent. Though the test by Bishop and Stumpff
is by no means conclusive, it does indicate the possibility

of long cycle life at extremely low DOD's and relatively

o v'~'-v"“'

high cycling frequencies (5 hertz).

o

Assuming that the proper design with a suitably picked
DOD can achieve the desired cycle life, increasing the

batteries energy density and thereby reducing the weight

required to do a given task is the next step.
- Bi-Polar Battery
ii Y Initially considered was the pile or bi-polar geometry. -
; As pointed out by Bauer (2], the bi~polar battery's advan-
G‘ tage is its extremely low internal resistance and induc-
?i tance, enabling it to deliver pulses of high current for .

q short periods. The reduced internal losses lead to greater
efficiency and therefore the potential for a higher energy

density.

The reduction is achieved by straightening and short-

e e

E‘ ening the current path within the battery. Unlike the
b common mono-polar battery, in which individual cells are
externally connected in series, the bi-polar battery con-
sists of a stack of cella. All internal electrodes have
* both a positive and negative side, eliminating the need for

19
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for current to flow out of one cell's electrode and then
through some interconnecting path, with inevitable losses,
simply to enter the next cell. Figure 3-2 illustrates these

differences.

Bi-polar electrodes have been formed on foil substrates
that have varied from 9.676 to 6.5 mm thick [6]. A sinter,
typically nickel, is formed on both sides and loaded with
active material, nickel hydroxide on one side and cadmium on
the other. Thus the foil substrate acts as the cell wall as
well as the intercell electrical connection. Although the
construction of bi~polar electrodes has been accomplished at
a number of facilities, the fabrication of a bi-polar bat-
tery has been complicated by the lack of a reliable edge

seal to prevent electrolyte shorting between cells.
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Pseudo Bi-Polar Battery

In order to take advantage of the bi-polar geometry
without inheriting the edge seal problems, a battery was
designed specifically for use in this project, with a short
current path. It resembles a monoblock type construction
frequently used in automotive type batteries and consists of
a stack of single cell button style batteries in which
adjoining cells share a common wall and intercell connector.
Figure 3-3 shows an exploded view of the battery design.
Specific details and drawings are in Appendix A. To obtain
some understanding of the effects of this design ca internal
losses and to be compatible with available test equipment,
four cell nickel cadmium pseudo bi-polar batteries were

constructed.

In order to further reduce internal losses, a circular
electrode with a large central current tab to uniformly
collect the current was selected. The electrode was a 3.3

inch diameter disc with the active material impregnated in

an annular shape around the center 1.25 inch diameter cur-

rent tab. Current flow within the electrode should be

(]

r radial and the maximum current path length from the tab to
E‘ the edge of the electrode is approximately 1.83 inches.
; This is in contrast to typical nickel cadmium aircraft
E. batteries which have rectangular electrodes with a current
;g tab in one corner.

°
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g i
i Figure 3-4 illustrates the differences between the test
battery's electrode and that of a typical rectangular bat-
ﬁ . tery's electrode. The cross hatched areas are regions of
highest current density. For rectangular electrodes, this
area, between the positive and negative current tabs, has
h been identified as a stress point and is associated with
sealed battery failures ([7]. Although the circular tab does
not eliminate this problem, it is a step towards a bi-polar ‘i
® design where the current density is spread more uniformly !
over a larger area of the electrode, thereby reducing the ]
stress and attendant failure mechanisms. :
le ]
} The cells are electrically connected by a 1.125 inch
EK diameter, 9.210 inch thick nickel slug mounted in the plexi- fi'i
o glass wall. The large cross section and relatively short : ?
intercell path length result in both a smaller internal )
23
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resistance and inductance through the battery. The nickel
to plexiglas seal was established by using an O-ring around

the nickel slug.

The positive nickel electrodes were obtained from Eagle
Picher Industries. The plaque material was a standard 0.030
inch thick nickel sinter (dry sinter process) with a porosi-
ty of 80%. They were electrochemically impregnated with 1.7
grams of active NiO(OH) per cubic centimeter of void. The
result was an electrode with approximately a 1.4 ampere hour
theoretical capacity. 1In addition, to improve the elec-
trode/nickel slug weld, Battery 7 was constructed with nick-
el electrodes fabricated at AFWAL/APL using the D.F. Pickett
process [l14], to approximately the same 1.4 ampere hour

theoretical capacity.

The negative cadmium electrodes supplied by Eagle
Picher Industries were difficult to weld satisfactorily to
the nickel slug intercell connector. Therefore the cadmium
electrodes were fabricated at AFWAL/APL using a process
developed and patented by Fritts, et. al. [8]. This process
used the same base plaque, 6.630 inch thick 806% porosity
nickel sinter. The electrodes were loaded with 6 to 8 grams
of active cadmium each for a theoretical capacity of 2.5 to
3.1 ampere hours. This combination insured that the battery

cells were nickel limited.
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The cells were assembled by first welding the elec-
trodes to the nickel slug/plexiglas wall combination. Then
these units were stacked and glued one by one in a plexiglas
tube. A relief vent (about 8 psi) was installed in each
cell. Finally a reference electrode, a one millimeter dia-
meter cadmium wire was inserted into each cell. Leads were
soldered on the outside of the end cells and a plexiglas

stand was attached.

To £fill the cells the vents were removed and the bat-
tery was set upside down in a beaker of electrolyte (32% by
weight KOH), A vacuum of 28 inches of mercury was pulled on
the entire assembly. When the vacuum was released, electro-
lyte was drawn into the cells. This procedure was repeated

several times to insure electrode saturation.

The weight of the beaker, KOH, and battery was taken
before and after filling the first two batteries to insure
that water removed during the vacuum filling would not
affect the KOH concentration. Evaluation revealed a loss of
only 1 gram of water per liter of KOH representing less than
@.1% change in KOH concentration. Subsequent batteries were
not weighed prior to filling. Specific details and adjust-
ments made during the battery fabrication are contained in

Appendices A ané B.
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IV - Experimental Test Procedure

Finding a Seal

One of the major problems with the construction and use

of bi-polar batteries is obtaining a satisfactory intercell

LA s s & B s .4

seal, thus keeping the electrolyte from shorting out adjoin-
ing cells., The first step in the fabrication of the test
battery was to evaluate a neoprene O-ring placed around a
nickel slug. This assembly was then inserted in the bottom
of the test container as shown in Figure 4-1. The bottom of
this container simulated an intercell wall. The test was
initially run using a custom made O-ring with a glue joint. .
Although the seal held, the KOH reacted with the glue,

weakening the joint and contaminating the electrolyte.

i

A standard sized, one piece O-ring was then tested.
There was no noticeable electrolyte leakage in 36 days, with

a 32% by weight KOH solution under approximately 8 psi of

i

pressure. This success, elimination of electrolyte leakage
between cells, overcame one of the major stumbling blocks in

bi-polar nickel-cadmium battery construction.

Electrode Comparison

Prior to final construction, the electrodes for each
battery were weighed. The weight of each assembled battery,
including electrolyte, was recorded. Separate weights were
taken, since the overall battery container was not optimized

for weight, but rather for e¢ase of construction in the

26
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PRESSURIZING RELIEF VALVE
( VRLVE —» «— (8 psi)
| KOH AT 8 ps!
\ I 0-RING
INTERCELL WALL NICKEL SLUG
. CUTAVAY OF O-RING SEAL TEST CONTRINER
FIGURE 4-1

laboratory. As a comparison, the electrode weight of the
) batteries used by Bishop and Stumpff [5] was 6.4¢ pounds
while their total battery weighed 11.7 pounds. Therefore,
the electrode accounted for 54.65% of the total weight.
i . This ratio was used to determine the weight figure used in
energy density calculations. It is based on the assumption
that with some technological improvements, the test bat-
! tery's design would result in a similar electrode to battery

weight ratio.

Another important factor in battery design is the elec-
trode surface current density. In normal parallel plate
construction, each side of an electrode acts as a separate
electrode, s0o that one half of the current flows from the
center screen through each side of the electrode. However,
rather than metal foil separating the cells, as in a true
bi-polar battery, this pseudo bi-polar nickel-cadmium bat-

tery used a nickel slug and plexiglas intercell wall.

27
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For Bishop and Stumpff, the current density through the
electrode surface, with a total current of 1¢8 amps, was
8.8458 amperes/cmz. The test electrodes, although designed
to be used in a double sided configuration, were used as
single sided electrodes. As a result, the current density
for the test batteries, based on a single sided current
flow, with a charging/discharging current of 6.36 amperes,
was 6.136 ampezes/cmz. This results in possibly greater
polarization at the electrode/electrolyte interface of the

test batteries.

Test Set Up
Figure 4-2 shows the equipment and circuit used for
these tests. Two separate circuits were set up. The first
had a 9-15 ampere load and the second had a 0-60 ampere
load. A 0-50 amp, constant current, constant voltage power
supply, was connected in parallel, and on opposite sides of
the battery, with either a @-15 ampere solid state load, or
a 0-60 ampere solid state load. A 5 hertz square wave
generator switched the load, simulating a 50% duty cycle
current pulse load. A blocking diode on the output of each
power supply prevented an inadvertent battery discharge back
through the power supply. Current shunts were inserted as
shown in Figure 4-2 to measure actual power supply current
(Ig), load current (1), and battery current (Ig). Note
that for battery charging, Ig is negative and for discharg-

ing Ig is positive.
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Figure 4-3 shows typical voltage and current waveforms

from this test circuit.
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Conditioning the Battery

Prior to testing the batteries, several charge/dis-
charge cycles were completed to condition the batteries,

stabilize their operation, and measure the initial capacity.

The theoretical C rate of these pseudo bi-polar nickel-
cadmium batteries was 1.4 amp-hours. The charging rate was
8.75 amperes for the first two cycles and then 1.5 amperes
}; thereafter, until the total voltage reached 6.2 volts

< (1.55 volts/cell).

The battery was then discharged at a 1.0 ampere rate to
a total voltage of 4 volts, or until any cell voltage was
less than 6.5 volts. This cycling continued until the

capacity was stable for two sucessive cycles. The measured

* capacity of each battery, after the initial conditioning

cycles and after any additional testing, is shown in

Since this experiment used a novel battery design,

. which did not have any demonstrated cycle life, the first

% series of tests were run under the same conditions (room
3

1 temperature, 5 hertz cycle rate, 6.613% DOD) as Bishop and

; Stumpff's test [S5). This provided a relative comparison of

l battery types, which should be relatable to exixting docu-

. mented cycle life test data from NWSC CRANE [13).
o
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TRBLE 4-1
MERSURED BRTTERY CAPACITY (empere hours)
BATTERY NUMBER INITIAL CRPRCITY FINAL CRPRCITY
1 8.1 P.2 (INTERCELL SHORT)
2 2.8 0.8 (INTERCELL SHORT)
3 1.8 .8
4 8.95 9.93
5 p.63 NOT TESTED
6 NOT USED (INTERCELL SHORT)
7 8.75 1.81

Energy Density Testing

Before starting the cycle and energy density testing,
the batteries were charged at a 1.0 ampere rate for 30
minutes, so that the batteries would operate near the middle
of their capacity range. This allowed some test equipment
drift, without pushing the battery to either a fully charged

or discharged condition.

The first series of tests were each 33.3 minutes 1long,
operating the battery for 10,0800 cycles at a 5 hertz rate.
The primary purpose was to observe the battery operation at
various DOD's and try to establish a maximum energy density
at which the battery could operate for long periods of time

without overheating.
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Cycle Life Testing

To test the cycling life of the nickel-cadmium bat-
teries, two 10’ cycle continuous tests were run. The first
was run with a charging current of 6.36 amperes and a load
current of 13 amperes, running the battery at the same level
(DOD of 0.213%) as Bishop and Stumpff. To determine if the
test batteries were an improved design, a capacity check was
completed, comparing the remaining capacity to that recorded
by Bishop and Stumpff. The final 107 cycle test was run at
a higher charging current of 12.5 amperes, 06.625% DOD, and
load current of 25 amperes. A capacity check of each bat-

tery was performed again, after completing the test.

Equivalent Circuit Capacitance

To calculate the effective double layer capacitance of
the batteries and compute the internal equivalent voltages
and resistances, voltage and current measurements were com-
pleted both with and without the power supply connected to
the circuit. One of the problems =ncountered and recognized
by Bishop and Stumpff was the discharge of the power supply
capacitors as the load cycled on, masking the true battery
behavior. Removing the power supply before these tests
eliminated this problem, allowing the measurement of current
and voltage from the battery alone, when a step change of

load current was applied to the battery.
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V - Results and Discussion

Construction Problems

One of the major problems encountered during this test
was the construction of the pseudo bi-polar battery. This
problem fell into two general areas. First, sealing the
electrolyte in a cell and second, insuring a satisfactory
mechanical and electrical connection between the electrodes
and the nickel intercell connector. Appendix A contains

details of the problems and solutions.

Energy Density

The first objective was to increase the energy density
of the battery used as a capacitive filter. Energy density
is a function of the current through the battery (the volt-
age is nearly constant) and the weight of the battery. A
description of the equivalent weight used in these energy
density calculations appears in Chapter 4. A five hertz
test was run at various charge and discharge currents start-
ing at five amperes and increasing in five ampere steps.
Each current level was maintained for 10,0006 cycles with

data collection occurring after approximately 5000 cycles.

Battery 4 was tested up to 25 amperes or a 18 C rate.
By incorporating a larger load, Battery 7 was tested to 35
amperes, or 21 C. At this point, the exterior case reached
60°C and further increases were not attempted. The 66°C

cutoff was an arbitrary level picked to insure internal

34
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temperatures would remain well below the boiling point of

the electrolyte, approximately 100°C.

The resulting battery voltage and current plots were
utilized to evaluate the average capacitance during dis-

charge, the energy density, and efficiency of the battery.

To calculate the energy into and out of the battery and

average capacitance during discharge, the battery voltage

was assumed to be a step increase/decrease followed by a
linear ramp. The average ramp voltage was used as a constant
} value for the entire charge or discharge. The initial step .
change was due primarily to the internal instantaneous se-

ries resistance of the battery. The remaining ramp change

was primarily a function of the double layer capacitances -

L4

and faradaic discharge. Since the s0lid state loads and
power supplies are not ideal devices, the battery was not
reacting to a perfect step increase or decrease in current = . .
during the first few milliseconds of any half cycle. There-
fore, the calculations started after the load and power

supply currents had stabalized, i.e., approximately one

millisecond after the start of the load switching.

Figure 4-3 showed a typical waveforms from the test

circuit. The voltage rate of change varied from about

9 volts/second during the first 206 milliseconds to 3 volts/
second for the remaining 80 milliseconds. From Figure 4-3,

: the average voltage, using a straight line approximation, is
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4.90 volts, while the integral of the voltage divided by the
time gives an average of 4.86 volts. This approximation

results in less than a 1 percent error.

Figures 5-1 through 5-3 depict the average capacitance,
energy density, and efficiency as functions of DOD. At the
higher current levels examined with Battery 7, it was ob-
served that as battery voltage varied, so did the other
parameters, particularly average capacitance. For example,
at 30 amperes discharge current the end of the discharge
voltage dropped below 4 volts. By increasing the average
battery voltage from 5.1 to 5.3 volts, this low point was
raised to approximately 4.25 volts, roughly the value re-
corded during the 25 ampere discharge test. This point
coincides with the abrupt reversal of the average capaci-
tance and efficiency in Figures 5-1 and 5-3. At the highest
current, the test battery's equivalent energy density was
over 48 joules per pound! In addition, it appears that
battery discharge voltage has a significant effect on the
voltage regulation, or effective average capacitance, and

efficiency.
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Cycle Life

In order to project a possible cycle lifetime for the
new design, two batteries were run for 107 cycles. Since
this is only a small fraction of the proposed lifetime and
no catastrophic failures occurred, no conclusive data was
obtained. Figures 5~4 through 5-8 show average battery
voltage, energy density, average capacitance, efficiency,
and capacity versus cycles completed at DOD's of @.013% and
6.025%. These DOD's, which reflect the depth of capacity
discharged each cycle, not necessarily the actual state of
charge, were based on the theoretical battery capacity, not

the rated capacity.
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i~ conditioning did not noticeably impede any of these objec-

tives.
There was only one possible failure during the 107

y cycle test. After approximately 4.8 million cycles, Battery
3 started to discharge. This discharge occurred over a

_ ) weekend and was not discovered for approximately 27 hours.

4 * By that time the average battery voltage had dropped to 3.25

| volts. The voltage variation during cycling dropped below

r: the recorder's range and was unmeasurable. However, the

" battery continued to supply 6.4 amperes to the load, though
at a lower voltage. The decrease in battery voltage was a
result of the battery operating a very low state of charge.

’ The load had increased its current required, which led to
the gradual discharge of the battery, After two recondi-
tioning cycles on the battery, the capacity was measured at

t .98 ampere/hours, only a 5% drop from its precycling capac-

Ei ity. The cycling test was then continued on the battery to

f complete 187 cycles.

D
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The relatively low measured capacity, when compared to
the theoretical capacity, may be due to incomplete condi-
tioning of the batteries prior to testing. However, the
main purposes of these tests were demonstrate energy densi-
ties above 10 Joules/pound, document performance of the
batteries over 167/ cycles, and analyze the battery influence

on voltage and current when used as a filter. Incomplete
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] * Although not a failure, Battery 3 had a varying inter-
nal resistance during the 107 cycle test. It was found that
by increasing pressure on the end of the battery, the inter-

" nal resistance would drop. After completing the testing,
the battery was taken apart. In addition to the broken weld
during construction, several other welds were very easy to

d break during dissection of the battery after testing. The

varying internal resistance is attributed to the poor welds.

Figure 5-8 shows the relative capacity of the test
batteries before and after cycling. Battery 3 was recondi-
tioned around 4.8 million cycles and therefore has three
data points. As a comparison, the relative capacity mea-

sured by Bishop and Stumpff (5], from their test of 5 series
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connected 22 ampere/hour nickel-cadmium aircraft type cells

is also included in Figure 5-8.

After completing the 1¢7 cycle test, Battery 3 was
dissected and samples of both electrode types were examined.
Photographs of these electrodes are contained in Appendix D.
There was no apparent change in the nickel electrode. The
cadmium electrode, however, showed a significant change.
After the cycling there were no large cadmium crystals left,
only small ones, about 502 times smaller than those crystals
from an uncycled electrode. It is possible that the cadmium
electrode may be the lifetime failure mechanism, typical of
nickel~cadmium batteries in "normal" operations. Since most
nickel~cadmium batteries are designed to be nickel electrode
capacity limiting, this decrease would not show up until the
cadmium capacity dropped below that of the nickel electrode.

Post cycling capacity testing confirmed this for Battery 3.

Figure 5-8 shows the measured battery capacity versus
number of cycles completed at a 5 hertz rate. Assuming that
any decrease in measured capacity is attributable to a
cadmium loss, the abrupt change in Battery 3's capacity
could be attributed to the gradual failure of the cadmium
electrode, which finally dropped below that of the nickel
electrode. Bishop and Stumpff's batteries also show a fair-
ly rapid decrease in measured capacity after about 5 million
cycles, which may have also been a result of cadmium elec-

trode erosion.
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Even with this increased rate of capacity loss, these
batteries appear to have lifetimes of 192 cycles or more.
The dashed line in Figure 5-8 runs through the RMS$ values
obtained from Batteries 3 and 4 at 5x106 and 107 cycles. It
projects approximately a 50% remaining capacity at 102 cy-
cles. Projecting this line back towards 1 cycle, results in
a value of approximately 250% of initial battery capacity.
This is roughly eguivalent to about 88% of the initial
theoretical cadmium capacity. However, there are still too
few data points to accurately predict the lifetime of bat-

teries when used as filters.

There were no identifiable trends or failures in energy
density, average capacitance, or efficiency during the 187
cycles. Figures 5-4 through 5-7 only show the trends of
these values through 107 cycles., Unless a catastrophic
failure occurs, such as a complete short or open circuit,
end of life performance criteria, such as effective average
capacitance or efficiency, will have to be established be-
fore further testing can project an actual lifetime for

these batteries when used as filter elements.

Equivalent Circuit

The third area of interest was to determine what effect
a battery would have in a circuit when used as a filter
element. During the energy density and 167 cycle testing,
the power supply current was not constant. It appeared that

the power supply output capacitors were charging and dis-
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electrical equivalent circuit of Figure 2-2,
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[ charging faster than the battery during the first millise~
; cond after the load switched on or off. To eliminate as
! many variables as possible, the battery was charged and then
connected directly to the load without a power supply.
resulting voltage and current waveforms, together with those

obtained during earlier testing, were used to modify the

Figure 5-9 shows the proposed new equivalent circuit.
The voltage source was split into two elements corresponding
to the voltage across each electrode/electrolyte interface.
Ry and R, are the nickel and cadmium electrode/electrolyte
ionic and activation resistances respectively.
are the double layer capacitances and R3 is the ohmic resis-

tance through the electrolyte and electrode tabs.

Each electrode had a volume of approximately 3.55 cm3,
Using a nickel Brunauer, Emmett, and Teller (BET) surface

area to volume ratio of 70 mz/cm3, and a cadmium BET surface

.....

‘L-;-' 4.4 Tl

C; and Cj

...................

4 e m A



T

B N

........................
.....................

Ty e e - W ————rwr —r

Gy
3l

SIMPLIFIED NICKEL CROMIUM BATTERY EQUIVALENT CIRCUIT
FIGURE 5-18

area to volume ratio of 6 mz/cm3 [12], the theoretical
double layer capacitances were calculated. The nickel dou-
ble layer capacitance is approximately 5000 farads and the

cadmium double layer capacitance is approximately 11 farads.

The change in voltage due to the faradaic discharge for
the batteries at 5C for 0.1 seconds at a 50% state of charge
is approximately 0.14 millivolts. This term was neglected
since it was over 1PP80 times less than observed voltage
changes. Most of the discharge, then, would appear to be
across the cadmium capacitances since they are over 108

times smaller than the nickel capacitances.

Revising Figure 5-9 and combining 4 cells in series
gives the simplified battery equivalent circuit shown in
Figure 5-16. E; is the combination of the nickel electrode
voltage, resistance, and double layer capacitance. R; is
still the series ohmic resistance and Cy, E;, and Ry repre-

sent the cadmium electrode.
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The equivalent circuit of Figure 5-~10 results in an

equation for the total battery voltage of:

v(t)

Eo - 4iR3 - 4iRy[1l - exp(-t/R3C3)] (7)
where
V(t) = Total Battery Discharge Voltage over time
Eo = Initial Voltage before Discharge
i = Total Discharge Current
t = Time of Discharge
Ry = Cadmium/KOH Ionic Activation Resistance
R3 = Series Electrolytic Ohmic Resistance

C2 = Cadmium Double Layer Capacitance

From battery voltage curves, 4R3 was between 28 and 57
milliohms for Battery 3 and 28 to 38 milliohms for Bat-
tery 4. Taking the initial rate of change of voltage from
the discharge voltage waveform obtained during the early
part of the 167 cycle test and using equation (5), (1/4)Cy
was approximately @.3 farads. After the 167 cycle test, it
was not possible to determine C,, although it appeared to

have decreased significantly.

After determining 4R3 from the instantaneous change of
voltage at both the beginning and end of the discharge, 4iRj
was assumed to be the remaining voltage drop occurring

during the discharge. Solving for 4R; gave a value of

approximately 54 milliohms for both Battery 3 and 4.
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Using these values and eguation (7), V(t) was plotted
against the actual voltage waveforms for Battery 3 and 4 as
shown in Figures 5-11 and 5-12. Figure 5-13 shows the
calculated V(t) and actual voltage of Batteries 3 and 4

connected in series. The equation for V(t) then became:
V(t) = E, - 8iR3 - BiRp[1l - exp(~-t/RyC3)] (8)

The same values obtained before for C,, R;, and R3 were used
as well as the measured current and initial voltage. This
verifies that the equivalent circuit in Figure 5-10 appears
to be reasonable approximation for these batteries when used

as a capacitive filter.

When running the maximum energy density test with Bat-

texry 7, the voltage and current waveforms were recorded to
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evaluate the equivalent circuit of Figure 5-18. Appendix D
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contains oscilloscope pictures of these waveforms. However,
the values obtained for R;, R3, and C; varied as the dis-
charge current and battery voltage varied. 4R; ranged from
12 to 46 milliohms, 4R3 ranged from 18 to 35 milliohms, and
(1/4)Co varied from #.14 to 1.66 farads. It also appeared
that at discharge currents above 10C that the nickel double
layer capacitance could no longer be ignored. Further anal-
ysis of this, which would appear to involve a more complex

equivalent circuit, was beyond the scope of this paper.

As the number of cycles on the batteries increased, the -
voltage curve became initially steeper and then flatter,

suggesting that the cadmium double layer capacitance may be

L 43

decreasing. This may be attributed to the breakdown of the -

cadmium causing the electrode surface area to decrease.

If this is the case, a more uniform voltage output,
excluding the first 5 milliseconds or so of each pulse, may “j
be obtained by conditioning the battery, causing the cadmium
capacity and capacitance to decrease. The nickel double
layer and faradaic capacitances would then dominate (after

the first 10 milliseconds) giving a much higher effective

capacitance over the discharge cycle for the battery. How-

ever, this will leave a larger rate of change of voltage at
o the beginning of each discharge period, possibly allow the
battery to become cadmium electrode capacity limited more

quickly, and possibly reduce the battery lifetime.
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Discharge Without Power Supplies

To minimize test circuit induced stray inductance and
capacitance on the waveforms of the battery while cycling,
the power supply was disconnected. The battery was then
connected directly across the load with a minimum of test
circuit wiring. The resulting waveforms showed that the
test circuit induced inductance was minimal, but the power
supply capacitors charged and discharged during the first
millisecond of each load change. This caused the power
supply current to fluctuate so that the battery was not
required to supply an instantaneous change in current. Af-
ter the first millisecond the power supply and load currents
were essentially constant. Therefore, analysis starting
after one millisecond is accurate, even with the power
supply connected to the battery. Appendix D shows a typical
waveform showing the power supply current and battery cur-

rent as the load cycled on.
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VI - Conclusion and Recommendation

Conclusion

This investigation consisted of several tests of spe-
cially fabricated nickel-cadmium batteries having circular
disk type electrodes. These tests addressed three areas.
First, would the circular electrodes increase the maximum
energy density when compared to standard aircraft batteries.
Secondly, what energy density could be maintained and
achieve a lifetime of 109 cycles at 5 hertz. And finally,
how does the battery influence the voltage and current

waveforms to the load.

The advantage of a bi~polar battery is its extremely
low internal resistance and inductance, enabling it to de-
liver pulses of high current for short periods., Reducing
the internal losses lead to greater efficiency and increases
the potential for a higher energy density. This reduction
is achieved in part, by straightening and shortening the

current path within the battery.

Bi-polar electrodes have been constructed at a number
of facilities, however, the fabrication of a bi-polar bat-
tery has been complicated by the lack of a reliable edge

seal to prevent electrolyte shorting between cells. 1In

order to take advantage of the bi-polar geometry without

inheriting the edge seal problems, a battery with a short

current path was designed specifically for use in this
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project. It consisted of a stack of four single cell button

style batteries in which adjoining cells shared a common

¥l

wall and intercell connector. A circular electrode with a
large central current tab to uniformly collect the current
- was selected. A neoprene O-ring placed around a nickel slug
was inserted in the plexiglas intercell wall, providing a

electrical current path and electrolytic seal between cells.

o With the voltage constant, energy density is a function
of the current through the battery and the weight of the
battery. A 5 hertz test was run at various charge and

» discharge currents from 5 to 35 amperes (up to 21 C). Each
current level was maintained for 10,0600 cycles. At the 21 C
rate the exterior case reached 66°C and further increases

i » were not attempted. At the highest current, the test bat-
tery's equivalent energy density was over 40 joules per

pound. 1In addition, it appears that the battery discharge

-

voltage has a significant effect on the voltage regulation,

on effective average capacitance, and efficiency.

Two batteries were run for 1@’ cycles each. Since this
is only a small fraction of the proposed lifetime and no
catastrophic failures occurred, no conclusive data was ob-
tained. After completing the test, samples of both elec-
trode types were examined. There was no apparent change in
the nickel electrode. The cadmium electrode, however,
showed a significant change. It is possible that the cad-

mium electrode may be the lifetime limiting failure mecha-
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nism. Even with the increased rate of capacity loss, above
{ about 5 million cycles, these batteries appear to have

lifetimes of 197 cycles or more at a 5 hertz rate.

No identifiable trends or failures in energy density,
average capacitance, or efficiency were observed. Unless a
catastrophic failure occurs, such as a complete short or
open circuit, end of life performance criteria, such as
effective average capacitance or efficiency, will have to be
established before further testing can project an actual

lifetime for these batteries when used as filter elements.

The equivalent circuit of Figure 5-10 gave a simple

analysis of the battery's operation. The leading edge of

i ® the current pulse, and voltage output from the nickel-
cadmium battery is shaped by its short term or transient
characteristics. These characteristics are dominated by the

§ battery's double layer capacitance and internal resistance.
For these tested batteries, R; varied between 3 and 13

milliohms, R3 varied between 5 and 16 milliohms, and C,

) ranged from 6.56 to 6.64 farads. Using equation (7), the
calculated battery discharge voltage correlated well for

Batteries 3 and 4 seperately, and Batteries 3 and 4 in

» series. However, the values varied as the discharge current
and battery voltage varied and further analysis appears to

involve a more complex equivalent circuit, which was beyond

this paper.
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As the number of cycles on the batteries increased, the
voltage curve became initially steeper and then flatter.
This suggests that the cadmium double layer capacitance was
decreasing, supporting the conclusion that cadmiuﬁ electrode

breakdown may be the lifetime limiting failure mechanism.

Test circuit induced inductance was minimal, but the
power supply capacitors charged and discharged during the
first millisecond of each load change. This caused the
power supply current to fluctuate so that the battery was
not required to supply an instantaneous change in current.
After the first millisecond, the power supply and load
currents were essentially constant. Analysis starting after
one millisecond is accurate even with the power supply

connected to the battery.

In summary, a maximum eguivalent energy density of over
40 joules per pound was demonstrated by the specially con-
structed test nickel-cadmium batteries. Ten million cycles
at a 5 hertz rate with a useful equivalent energy density of
14 joules per pound were completed. Capacity degradation
was negligible for one battery and only a 20% decrease for
the other. Cadmium electrode failure may be the factor
limiting lifetime. An equivalent circuit was derived, but
further testing will be required. to completely evaluate the
results. Internal resistances and double layer capacitances

varied with changes in either battery voltage or current,
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suggesting that a more complex equivalent circuit may be

required.

Recommendations

The use of batteries as filter elements for repetitive
pulsed loads for long periods of time is a new and unproven
concept. Before funds can justifiably be allocated to large
scale research, some understanding of the battery's ability
to accomplish this task must be obtained. This information
can then be used to determine what, if any, areas warrant
further investigation. This study has provided this initial
information. Based on the high energy density obtained, as
compared with capacitors, the relatively high effective
capacitance of the battery, the clean response to the 1load,
and the trend towards long life the following recommenda-
tions are made:

1. At the earliest opportunity, begin a long term life
cycle test, 108 cycles or more, to obtain more
conclusive data on the battery's long term capability
to fucntion as a filter element.

2, Construct a bi-polar battery, if necessary achieving an
intercell seal at the expense of weight, to determine
if a bi-polar design would significantly improve the
electrical characteristics desired. If successful,
this would support large scale efforts to achieve a

true lightweight bi-polar design.
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Begin more detailed experimentation to investigate the
relationships between SOC, DOD, energy density, effi-
ciency, output response, average voltage, and average
effective capacitance to identify optimum operating
conditions and devise a control system to maintain
those conditions.

Finally, in view of the dramatic change in the cadmium
structure, further analysis is needed to identify ex-~
actly what changes are taking place in the electrode
and how these changes will effect the long term perfor-
mance of the battery when used as a voltage filter

element.
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Appendix A - Test Battery Fabrication

Overview

Several four-cell pseudo bi-polar batteries were built.
Construction techniques were adjusted to improve battery
performance as experience was gained. Figure A-1 displays
various views of the battery including an expanded side view
which establishes the relative position of the parts. This
view is repeated in Figures A-2 through A-5 which describe

each of the components in detail.

Case

The case was bored from solid plexiglas stock.
Figures A-2a and A-2b illustrate this piece. The interior
steps or ridges position the cell walls during construction.
Standard 5 to B psi relief valves, or vents, are located

across the top of the case.

The vent sockets also serve as refill ports to maintain
proper electrolyte levels. The reference electrode holes
are also spread across the top of the case. These holes
accommodate one millimeter cadmium wire. The stand is a

simple plexiglas rack to support the entire assembly.

Cell Walls
The cell walls were cut from a @.187 inch thick plexi-
glas sheet to the various diameters specified in Figure A-3,

The ridge in the center hole locates the proper position of
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the intercell electrical connector (nickel slug), just as

the ridges in the case serve to position the walls,

Intercell Electrical Connector

These pieces are detailed in Figure A-4. They were cut

from a solid nickel sheet 0.210 inches thick.

Electrodes

The physical dimensions of the electrodes are depicted
in Figure A-5. The positive nickel and negative cadmium
electrodes were cut to the same specificétions. Initial
supplies of electrodes were manufactured by Eagle Picher
Industries, Colorado Springs (part numbers PLP-434 and PLN-
400). Locally manufactured electrodes were also coined and

cut to these dimensions.

Actual Construction

The following construction steps were used on the ini-
tial batteries and form the basis for subsequent adjustments
to improve battery performance by improving the assembly
process.

1. The intercell electrical connector was fitted with a
1/16 inch thick stock neoprene rubber O-ring with an
inner diameter of 1 inch. This O-ring/nickel slug
combination was then pressed into the intercell walls.

2. The electrodes were then spot welded to the intercell
connectors.

3. These assemblies were glued into the case one at a time
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with dichloromethane. A layer of pellon separator and
k‘ : the reference electrode were placed in each cell as the
L. layers were glued in place.
E‘ 4, Finally the batteries were filled with electrolyte and
E- the relief valves were screwed in place.
f Refinement of Electrode Welding
During the gluing of Battery 2, one cadmium electrode
iﬁ to nickel slug weld was broken. Rewelding was not possible,
{ so construction was completed by placing the electrode in
E its proper place and relying on the pressure of the next

layer to hold it there. =

On Batteries 4 through 7, the smooth side of a perfo-
rated nickel foil, typical nickel cadmium current tab mate-
rial, was welded to both sides of the nickel slug before the o
electrodes were attached. The rough side of the tab was e
driven into the electrode's center area tab by the spot »
welder. The resulting weld connected the nickel wire within K
the electrode to the nickel tab material. This weld proved

to be stronger. However, one nickel slug to foil weld was i

broken (Battery 3) during assembly.

Temperature readings of the end terminals and case of
Battery 4 during the extended cycle test indicated that the
nickel terminal was hotter than the case or cadmium termi-
nal. This was attributed to higher current densities due to

the few welds remaining intact. To improve this weld,
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nickel electrodes with unimpregnated centers were produced

for Battery 7. The nickel impregnation was accomplished
using a modified Pickett electrochemical deposition process
[14). The impregnation solution was altered by deleting the

alcohol since it only served to lower the solution boiling

point [7].

Refinement of Plexiglas Gluing Techniques

r& During the operation of both Batteries 1 and 2, exces-
sive intercell electrolyte leakage was detected. This was
attributed to the cell-wall-to-battery-case glue joints.
L Subsequent batteries were leak checked as each cell was
. completed. This was accomplished by fitting a low pressure

air line with a Tee. One end of the Tee was fitted with a

L 4t

typical relief valve and the other end was attached to the
cell to be tested. The exterior seam was submerged in water
and the cell was pressurized. The appearance of bubbles

indicated the location of potential electrolyte leaks. Once

detected these areas were reglued and the test repeated
until the joint was air tight at the expected maximum relief

valve pressure of 8 psi.

v

Electrolyte leakage was dramatically reduced in Bat-
teries 3 and 4, however some intercell leaks persisted. The

exterior of the cases of these batteries were polished,

L Bt i & w‘—*."v,

allowing direct viewing of the glue joints. This revealed

areas where very little glue had penetrated between the case

and the wall. All remaining cases were polished before
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F assembly. Gaps in the glue in Batteries 5 and 6 were attri-
buted to extremely tight fitting pieces. The case for

Battery 7 was rebored slightly to increase the gluing space.
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Appendix B -~ Electrode Loading Process

Overview

As pointed out in Chapter 3, both cadmium and nickel
electrodes were fabricated in an attempt to improve internal
electrode to nickel slug intercell connector welds. Both
electrodes were formed on 0.030 inch thick nickel plaques of
approximately 80% porosity. Figure B-1 depicts the impreg-
nation apparatus set up. The cadmium electrodes were loaded
in accordance with the Fritts, Leonard, and Palanisamy
patent [B]). The nickel electrodes were loaded in accordance
with the Pickett patent [14], except that the alcohol was
replaced by water and 18% cobalt was added to improve the

performance of the electrode.

Procedure

The impregnation procedure for both the cadmium and
nickel electrodes followed these steps:

1, Four by four inch squares of empty plague were coined
at approximately 7000 pounds per square inch.

2. The plaques were numbered and weighed.

3. The center regions, areas where the welds would be
made, were then masked with tape to further inhibit
active material loading in this region.

4. Electrochemical loading was completed with either cad-
mium or nickel.

5. The nickel electrodes were placed in a KOH bath and

discharged for 2¢ minutes followed by a 2¢ minute
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charge. This cycle continued for 2 hours and 20 min-
utes. After the cycling, the electrodes were soaked in
distilled water to remove any KOH remaining from the
impregnation process.

The electrodes were rinsed in distilled water, dried,
and then weighed.

The increased weight was then used to determine the
theoretical capacity of each electrode with cadmium
having 6.366 ampere/hours per gram and nickel having
8.289 ampere/hours per gram capacity.

Electrodes were grouped by theoretical capacity so that
each battery would have approximately the same capacity
in each cell.

The excess coined area was then cutoff, and the elec-

trode was ready for use in a test battery.

The equipment used is listed in Appendix C.
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Appendix C - Test Equipment and Calibration Data

Test Equipment

1

1

Cole Palmer Pump Model 7813

Cole Palmer Pump Power Supply - Master Flux Controller
Fisher PH Meter Model 650

Fisher Heater/Magnetic Stiring Plate Model 318T
Hewlett Packard 4328A Milliohm Meter

Hewlett Packard 6263B Power Supply
2¢0v/10a

Hewlett Packard 60812A DC Power Supplies
@-60v/@-50a, 1000w

Hewlett Packard 7418A 8 Channel Recorder with
5 - 8801A, 1 - 8802A, and 2 - 8803A amplifiers

Kiethley 172A Digital Multimeters

Lab Fabricated Reversing Relay
(50 seconds forward, 10 seconds reverse)

Lab Fabricated Timer Model 1@PCD

Power/Mate Corp Lectra-Load II LL30@B
58v, 3080a, 1250w

Tektronix Oscilloscope
AN/USM - 425(V)1

Transistor Devices Inc. Solid State Load
Dynaload 58v, l5a, 100w

Transistor Devices Inc. Solid State Load
DLP-50-60-1000 50v, 60a, 1000w

Wavetek Voltage Controlled Generators
VCG Model 111

Weston Ammeter Model 901
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Test Log of Calibration

1 August 1984

1200

1225

1239

1245

1255

Battery voltage circuits 1 and 2

Calibrated #.05v/div, 4 - 6.5v range at:
Vg = 4, 5, 6 v

Circuit 2 Battery and Power Supply Current

Calibrated 16a/1060mv, Smv/div -- @.5a/div
Ig = g, -5, ~1¢ a
Ig = 0, 5, 10 a

Circuit 2 Load Current

Calibrated 25a/10@mv, 4mv/div -- la/div at
I, = @, 5, 18, 15 a

Circuit 1 Battery and Power Supply Cuarrent

Calibrated 25a/56mv, 2mv/div -- la/div at:
Iz = ¢, -5, *16, -15, +20, 425 a
1g = @, 5, 1¢, 15, 28, 25 a

Circuit 1 Load Current

Calibrated 56a/56mv, lmv/div -~ la/div at:

1, = 6, 16, 28, 30, 40, 50 a
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i Appendix D - Test Data

‘ This appendix contains copies of the data recorded

during construction and capacity testing of the test bat-~

NEM A RS . ol

teries. Tables D-1 and D-2 contain the data obtained from

s

.I Batteries 3 and 4 during the 18 million cycle test.
Figures D-1 through D-8 show the voltage and current wave-~
forms from Battery 7 during the maximum energy density
%‘ testing. Figures D-9 through D-13 contain electron micro-~
[ scope photographs of nickel and cadmium electrodes both
{ without cycling and after 16 million cycles. Figures D-14
0 through D-16 are photographs of the batteries during fabri-
cation, an exploded view of a test battery, and an overall

view of the test facilities.
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ELECTRODES:
CELL 1 CELL 2 CELL 3 CELL 4
Nt | cd I Nt | cdlm Jca |l M| ca .
NUMBER 1 3 2 2 3 1 4 A
VEIGHT 1.7 113.1|14.9]11.3}14.5118.2 | 14.8 | 14.5
THEORETICAL
CRERCITY 1.39 {2.63(1.39]{1.81 |1.39|1.49|1.39}2.99

o/ -

TOTARL ELECTRODE WEIGHT: 188.8 gm / £.2382 1bs
EOQUIVALENT BRTTERY VEIGHT: B.4113 1bs (1.727 x ELECTRODE VEIGHT)
ACTURL BATTERY VWEIGHT: -

CONDITIONING AND CRPACITY CHECKS:

Ibs (INCLUDING KOH) S

CYCLE DISCHARGE TIME CRPARCITY TEST
s RATE (amps) (minutas) (emp/hours) | CIRCUIT

1.8 7 p.11 1 s

2 p.3 % B.38 1

3

!
g
-
g

.

o

it ;
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.
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t‘ BATTERY NUMBER 2 _
3 ELECTRODES:
3 CELL 1 CELL 2 CELL 3 CELL 4
h Nt | cd | Nt Jcd | Nt fca | i | oca
* NUMBER s | 14 6 | 15 7| 18 9 | 18

VEIGHT 15.8 111.8 [ 14.7 [13.2]15.2|13.2 ] 14.9 | 13.1

THEORETICAL
#‘ CRPRCITY 1.39 | 2.28 11.39 12.97 | 1.39 |3.18 | 1.39 | 2.69

TOTAL ELECTRODE WEIGHT: 111.1 gm / ©.24S51 lbs
EQUIVALENT BATTERY VEIGHT: B.4231 1bs (1.727 x ELECTRODE VEIGHT)

O ACTUAL BATTERY VEIGHT: - gn/ =~ 1bs [INCLUDING KOH) -
] CONDITIONING RAND CAPRCITY CHECKS: S

CYCLE | DISCHARGE TIME CRPACITY TEST ]
§ RRTE {emps] (minutas) (emp/hours) | CIRQUIT
3 ) 1.9 3s B.S8 2 %
- 2 B.6 87 P.87 2 o
- 4 .7 55 B.64 2
= 5 1.8 39 P.66 1
-
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- BATTERY NUMBER 3

F‘ ELECTRODES:

r: CELL 1 CELL 2 CELL 3 CELL 4

N ] cd [ N Jeda [ Jea [ M1 | ca

NUMBER 11 | 21 | 12 | 24 | 14 | 25 | 13 | 45
VEIGHT 15.7 [13.9|15.7 {14.8|15.5[15.3 | 15.9 | 13.9
Ry |1.38 |2.91 | 1.39 |2.92 [ 1.39 [2.95 [ 1.39 | 2.96

TOTARL ELECTRODE WEIGHT: 111.9 gm / £.2468 1bs
EQUIVALENT BATTERY VEIGHT: B.4262 1bs (1.727 x ELECTRODE VWEIGHT)
ACTUAL BATTERY VEIGHT: 936.8 gm / 2.967 1bs (INCLUDING KOH)

CONDITIONING AND CAPRCITY CHECKS:

croLe | DISCHARGE TIME CAPRCITY TEST
3 RATE (emps) (minutes) (emp/hours) | CIRQUIT
} 1.8 68 1.28 1
2 1.0 3s B.S8
3 1.2 63 1.85 1
4 1.8 62 1.83 1
5 1.5 ® 1.08 1
6 1.0 55 8. 92 2
7 1.0 59 B.98 2
| 8 1.8 48 p.82 2
- 9 1.8 48 £.89 2
. 12 1.8 4 2.75 2
i
i
®
-
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o
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ELECTRODES: . ;;}

CELLi | CeLL2 | CeLLs | CeLL 4 =

Nt jCd [ Nt fed | N | Ed | N | cd o

NUMBER 15 | 2| 16 | 44 | 17 | a6 | 19 | 48
WEIGHT 15.5 | 13.4 | 15.2 | 13.6 | 15.5 | 14.2 | 15.3 | 13.6

THEORETICAL
CRPACTTY 1.39 | 2.67 |1.39 2.8 |1.39 | 2.79 | 1.39 | 2.68 i

TOTAL ELECTRODE WEIGHT: 115.9 gm / 8.2557 1bs
. EQUIVALENT BRTTERY VWEIGHT: B.4415 1bs (1.727 x ELECTRODE VEIGHT) o
{'. ACTUAL BATTERY WEIGHT: 924.7 gn /7 2.848 Ybs (INCLUDING KOH) -

CONDITIONING AND CAPACITY CHECKS:

I CYCLE agiéc’?ﬂ“;ﬁiy (mlstas) (.‘..T/“.fo{l',: CIRQUIT -
1 1.8 2 p. 49 2 ' ._:;_1
2 1.9 S8 p.83 2 2

3 1.8 se 8.83 2 o

4 1.8 39 p.S8 2 —j

5 1.0 57 p.95 2 ]

6 1.8 S6 8.93 2 E

7 1.5 36 p. 98 2 K

8 1.9 53 £.68 1 .:f;i’:;

9 1.8 56 £.93 1 s

18 1.8 4 8.75 2 =

1

%
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BATTERY NUMBER 5 |

ELECTRODES: "
CELL 1 CELL 2 CELL 3 CELL 4 o
Ni | €d [N |cd jN[ed [N |ocd
NUMBER 21 |37 | 26 | a9 | 23 | 38 | 22 | s5 =

: VEIGHT 15.6 [12.5[15.9112.2|15.5|12.9|15.2 | 12.5
i THEORETICAL :
Li_ CREACETY 1.39 {2.23]1.39|2.24 |1.39 | 2.27 | 1.39 | 2.28 J

TOTRL ELECTRODE WEIGHT: 112.3 gm / 0.2478 lbs.
EQUIVALENT BRTTERY VEIGHT: P.4278 1bs (1.727 x ELECTRODE VEIGHT)

LE' ACTUAL BATTERY VEIGHT: 931.8 gm 7/ 2.854 1bs (INCLUDING KOH)
- -
. CONDITIONING AND CRPACITY CHECKS:
CYCLE D1SCHARGE TIME CRPRCITY TEST
L RATE (emps) (minutes) {emp/hours) | CIRCUIT
. 1 1.8 26 8.47 1
2 1.8 38 .63 1
3 1.8 38 B.63 1
4 1.8 37 B.62 1
5 1.8 39 .66 1
o
S
»
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: BATTERY NUMBER 6 3

ELECTRODES:: o

CELL 1 CELL 2 CELL 3 CELL 4 -

NI {cd | N [cd N Jcd | N | cd T

NUMBER 24 | s3 | 25 |36 |26 | s | 27 | 29 o

VEIGHT 15.2 [13.3 |15.8 | 13.5 | 15.5 | 13.7 | 15.7 | 13.3 E

THEORETICAL : -

cRPRCITY [ 1-39|2.731.39 [ 2.77 | 1.39 [ 2.81 | 1.39 | 2.84 ]

TOTAL ELECTRODE WEIGHT: 116.8 gm / B.2559 lbs :

EQUIVRLENT BRTTERY VEIGHT: B.4419 1bs (1.727 x ELECTRODE VEIGHT)
ACTUAL BATTERY VEIGHT: 924.6 om / 2.288 \bs (INCLUDING KOH) 4

CONDITIONING AND CAPRCITY CHECKS:

CYCLE DISCHARGE TIME CRPRCITY TEST
RATE (amps) (ninutes) {eamp/hours) | CIRCUIT

1 1.8 P 9.90 2

!
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BATTERY NUMBER 7 B
ELECTRODES:
CELL 1 CELL 2 CELL 3 CELL 4 -]
K |
Nt | cd | Nt | cd | Nt | cda | Nt | cd -
NUMBER 12| 23 | 97 | 22 | 98 | 47 | 92 | 33 T
WEIGHT 12.8 | 14.2 | 12.2 | 14.5 | 12.8 | 15.1 | 12.3 | 14.5
THEORETICAL
CRPRCITY 1.65 [3.22|1.66|3.18 | 1.68 | 3.19|1.69 | 3.17
TOTAL ELECTRODE WEIGHT: 1P6.6 gn / B.2351 lbs
EQUIVALENT BATTERY VEIGHT: B.4B61 ibs (1.727 x ELECTRODE VEIGHT)

RACTURL BATTERY WEIGHT: S18.9 gm / 2.827 Ybs (INCLUDING KOH)

CONDITIONING AND CAPACITY CHECKS:

CYCLE ng%éc':'ﬁﬁi (mmites) t.c..n:/ahcol.ys: CIRQUIT .

1 1.0 a 8.73 1 :

2 1.8 7 8.78

3 1.8 as p.75 1 e

4 1.9 39 p.65 1

5 1.9 a9 2.67 1

6 1.8 ® 2.67 1

7 1.8 20 p.33 1 1

J 2.0 39 B.65 1 B

9 1.8 ® B.67 1 b

51 s 1.8 62 1.00 1 ]

52 = 1.0 61 1.82 1 "
s RN RUTOMATIC SERIES OF DEEP DISCHMARGE AND CHARGE CYCLES VRS ;;._;,_;5
COMPLETED BEFORE THESE MERSUREMENTS WERE TRKEN. T
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TRELE D-1 e
387 CYCLE TEST,.BATTERY 3 (28 AUG T0 13 SEP 1984) -
CYCLES RVERAGE VOLTRAGE ENERGY DENSITY EFFICIENCY CRAPRCITRNCE ]
(MILLIONS) (VOLTS) (JOLES/POUND) (3) (FRRRDS) ]
.27 5.18 .28 88.6 2.6 o
2.3% s 7.28 64.6 2.7 :
9.8 5.15 7.18 87.3 2.5 ;
1,23 S.18 7.8 849 2.9
1.69 5.82 7.8 82,7 B.684 :
a.;m S.21 7.2 81.9 .72 :
2.29 5.18 7.1 86.4 B.74 .
2.67 5.17 .1 62.8 p.85 ;
2.98 5.18 7.1 62.3 p.75 ‘
3.42 S.18 1.2 84.9 8.75 -
3.'6 5.23 702 '2.1 '.77 .‘
4.29 5.2 .89 81.6 8.63 1
‘o“ ‘.” 1.“ .‘os .n 11 .- P ) 4‘
S.19 S.14 .28 82.7 3.60
5.61 5.12 7.55 87.6 3.19 .
6.06 S.12 7.54 87.6 2,68 S
6.83 5.28 7.24 63.6 2.28 —
7.26 S.18 7.83 84.5 2.3 - 4‘
7.78 5.11 7.25 63.1 3.08 3
6.10 .27 7.23 84.5 2.48 ]
6.67 5.63 7.83 68.4 1.18 :
8.99 S.19 7.18 84.3 2,25
9.43 5.14 7.18 6s5.3 rN .
9.06 S.16 7.17 85.6 2.86
18.22 . 7.41 88.7 1.56 b
» ND VOLTRGE RERDING TRKEN., o
s THE BATTERY WRS REMOVED FROM THE TEST CIRCUIT, CRPACITY CHECKED, ]
CHRRGED TD 693 OF MEASURED CAPRCITY AND RETURNED TO THE TEST CIRCUIT. -
-
-]
=
4
82
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TRBLE D-2 ]
187 CYCLE TEST,BATTERY 4 (2@ AUG 10 12 SEP 1984)
CYCLES AVERAGE VOLTRGE ENERGY DENSITY EFFICIENCY CRPRCITANCE
(MILLIONS) (VOLTS) {JOULES/POUND) (g) (FRRADS) _
.27 5.12 12.95 e5.1 3.2
.039 [ ] ’aos a‘os ’.2 Y
.63 5.12 13,7 82.5 2.6 ]
1.23 5.19 13.6 77.2 1.7
1.69 5.98 13.8 2.9 1.5 ]
2.87 5.22 14.3 83.7 1.4 -
2.29 S.16 14.1 3.3 1.5 :
2.67 5.17 14.1 3.8 1.6 i
2.98 5.32 14.65 5.2 2.4 )
3.42 5.33 14.65 5.6 2.3 .
3.86 5.36 1.7 5.5 2.1
4.29 5.24 16.47 84.2 2.1 :
4.72 5.24 14.63 8.8 2.3
S.28 5.20 14.28 87.8 3.2 I
5.62 5.19 13.92 85.6 3.0 4
6.83 5.38 18,75 5.4 2.2
6.55 s.31 14.6 85.2 2.4
6.89 5.32 18,7 6.9 2.2
7.32 5.21 13.9 82.3 2.42
2.75 5.38 14.3 82.6 2.8 o
6.19 s5.28 14.6 62.1 2.58 ;
'-63 5.23 1‘03 ‘532 2.‘3 cL- __‘
90“ 5.32 ".0 ‘B-s 2. " - "
9-" 5027 l‘on '7.. 2.‘6 ~:
9.91 5.25 14.1 84.3 2.48 ;
10.98 5.26 14.7 6.6 2.17 1
s ND VOLTAGE READING TAKEN. "]
B
h
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